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ABSTRACT
v 3 | /4600
- The investigation of high energy compcunds in orgamic electrolytes
has been directed toward a clarification of the electrochemical and
chemical properties of the cyclic esters, vy, - bﬁ%}rolactong, v -
) V.alerc_)lacf;_‘oge and propylene carbon_g@ge_'.'-: The range of _ele_t;tro]:ysis 3
; - that is, the voltage range, :'Lneluding":_;a_zlgd__iﬁ ané catiacdie-potentials
over which an electrolysiis may be conducted without sensible Faradaic
¢urrent contribution from the supporting electrolytic sélution, has

)]

been measured. . These values mainly from lijb_h_igipkgéquli_g_z_‘glg_ solutions
are, for'y - bﬁtxrolactone; 5.78 v., for propylene carbonate, 5.25 v., and
for y - valerolactone, 6.82 v. Potentials have . been assigned to CL04 ,
_ PFe”, C1°, BF,", 1i*, K, Na*, and other ions as indicative of their
T A participation in _e;}_e_c”t_;-p_de processes. The reaction of butyrolactone
. and proypy'ene carbonate with Li, Ne, K, Ca, and Mg has beei;i studied at
. s., - - 100°% in a dry N atmosphere. Na, K, and Ca are quite reactive and _
- = - . the reaction }yr:;éucts are being studied by infrared, gas gmo@a§ggré§hifr -
‘ - and chemical teehn_iques". " The .sultability of these three metals or R
theizj selts in electrochemical systems is questionable. Over extended
- ' _ veriods of {time ""mg.gg\;_l_ar sieves” either decompcse these solvents or
;:_ E o l_ .dis'solve in them ‘I‘.o give appreei-a—ble electrochemical activity. o -

‘
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I. SCOPE

This research deals with the electrochemistry cof high energy compounds
in organic electrolytes. The term, “high energy”, is defined by, and
restricted to, those elements and compounds useful in the conversion of
chemical to electrical energy by electrochemical processes. In the first:
report (1) it was pointed out that, to achieve u high energy, a galvanic-
cell of high voltage, 3-5 volts, was necessary, and this imnediately
specified a non-aqueous system. So the first requirement was for a
solvent and electrolytic solution which would be stable, in the electro~
chemical sense, over a large voltage range. Therefore the range of .
electrolysis of the non-aqueous electrolytic solution becomes a primary
consideration. It is noted here that the term "range of electrolysis”

is used 1nstead of "decbmpogition voltage". This is not because the
latter term is not sufficliently descriptive but rether because 1t has
been ‘used without precision in the electrochemical literature dealing
wit. the electrolysis of aqueous solutions. The term "domain of electro-

chemical activity" has also been uscu, bul appears more cumbersome. At

any rate, we are defining here the range, including both anodic and
cathodic potentials, over which the solvent. and supporting electrolyte
may be used in a high energy battery without itself entering into the
galvanic reaction. The major attention during this period has been
devoted to the cyclic esters for .reasons given below. The range of
electrolysis for & number of salt solutions in propyl;ne carbonaﬁe,

vy - butyrolactone agd y - valerolactone were measured. In addition,
to electrochemical measurementu, certaln -chemical reactions of the
estefs were investigated. These included the reaction ab elevated
temperafure with 11, K, Na, Ca, end Mg metals. This behavior will
further characterize the esters es electrolytic solvents providing
basic information of value in the high-energy field. .

As was stated in the first report the aim of this rééearqh is to
establish pfinciples. The prinéiples will describe thé characler of .
the organic solvent, the type and structure of the high-energy organi_c <
cdmpounds that will operate at cathodes in these solventa and the . _ ;
‘kinetics and’mechenism of the electrode pracesses leading to the ~ . 7 -
vtilization of- the .thermodynemically available energy. ’

1



'II. LITERATURE ON ELECTROCHENISTRY OF CYCLIC ESTERS

Harris (2) appears to have been the firet tc evaluate the cyclic -
esters as electrolytic solvents in a critical way, although work employing
“the compourids as solvents in alumimm electrolytic capacitors (3) must
have been going on ai the same time. Farris compiled 1iterature data on,
“and measured experimentally, pertinent physical and electrochemical

) properties of eth;f_lene carbonate, jropylene carbonate, vy - butyroléctone,

vy ~ valerclactone, ethylene trithiocarbonate, and cyclopropanone. These

- included the solﬁbility of a _la'r"ge number of inorganic salts, and viscosities,

densitles s “conductivities, and dielectric constants of the solvents and
] Vag'lous solutlons Further, electrodeposu-mn studies of importance tc
. electroplating and secondax'y battery technobgy were, carried out. He

_ s ‘.mvestlgated the deposition of Ii, Na, K, Mg, Ca, Al, Zn, Cd, Fe, Mn,
"> -Coj Ti, Nb, II«, Bi Pb, and Sn from propylene carbonate solution. Of

' these, Li, Na, K and Zn could ’oe deposited electrolytically. From his

. __--'work Harrls drew the general conclu31on that these solvents were

- _p:p_qmis:g.z_zg‘lomzmg media. The- capacitor work mentioned above (3) refers
to patents granted in 1960 in which aluminum electrolytic capacitors

S utilize an electrolybe of a condemsed alkyl phosphate dissolved in

’ propylene ‘carbdnate and a ‘substituted smmonium salt ulssolved in

’ :-.-*propylene carbonate, butyrolactene, or valerclactone. These solutic

were claimed to be stable for long pem.c:da of time and able to operate

" at 1ow _temperatures. '

_Chilton and’ Cook () reported studies on D’POpeI‘tlt‘S of eleo‘(rolytic

- soln‘ﬁions, of propvlene carborte. Their studies were directed toward

- the. devélopment of a sé-condary battery with a long charge-discharge

b .‘.'_eyele life and & ‘high energ‘y per unit weight. The standard elec,t‘rolﬁc' 7

ueea in 'l‘,heir work weg 0.T5 M ALCI, end Q. 63 M LiCl in propylene carbona* Je.,

- L:Ltbium chluride is soluble to only 0.057 mole/liter (O.24% g per 100 ce)’
- ak 25°G while aluminum ehlomde is spluble to over 3 moles/li ter. Alummum -

chltﬁride enhe.nces the solubility of LiCl through the formatica of
Liklclh _ Both 1ithivia chloride ani lithl\un perchl orate decresse the
comiuetivity of aluid um chlor:tde colutions. The vexinm condictance

- florf. the- altmximm chloride-propylene carbonate system of 7.5 X 1072 o0

ohm -em t oecurs at 150 g/liter. The conductance for aluminum (,hJ oride



elect rolytes with the objective of improving the lltniumr511ver Cthfidﬂe

solutions tc which 1ithium chloride was adaed reaches a mayimum cf
6 6 X 1073chm * em™t at 120 g/liter. This behavior is axpleined
by equilibria of the following type

ACiz + AlClg = AlCls’ + ALC1,”

LiCl 4 AlClg = Li% + al01,”

TiCl + AlClsT = M1sC1, + LiF

Migration experimenté conducted by Chilton and Cook indicate that

the current is carried by species such as

(1) AlLCL, %
and (2) ! CH&-CH—O. N - )
. !  C-0-41012 . (41Cla) -
. CHp-0~ _ -

. . ‘n = 0, 1;‘or more ) -
Certein electrolysis experiments conducted in this study are pertlnenu. gf~:;fj_
An aluminum chloride solution was electrolyzed with sluminum snodes A
and aluminum cathodes which were conslaered to be inert. A cell -
voltage of 10 volts was reoulred for a current of 10 ma to flow and 5 ]
volts for E_ma. Tr 'se voltages did not deposit aluminum at the catnode ~ 7T
or dissolve aluﬁinum from the anode. In the corresponcing solutions’
containing lithium chioride or lithium perchlorate, lithium is depositpd
and a lithium anode dissolves. 'The sznodic oxidation of metals to. form _
cathodice reaeiants - Ag and NI to form AgCl and NiClz - for reversible ',‘%»
systems were studied. Silver chloride was formed at 100% efficiency. - o
and nickel chléride at low efficiency exceplt at very low current density'.
The current efficlency for the. 11th1um anode’ was found to be abont 100% -
between 20 end 80 ma/em®. :

. Beuman et. al. (5) investigated propylene carbonate and nltrobenaene

system. Thelr comments on the physical properbies of these solutions -
are pertinent. They point out that the free21ng ‘points of the 111“145;
reported in the 1itéra§ure are misleading. Propylene carboneté can be
supercooled 25°C below its freesing point. #herear the freézing:pbfﬁi
is given in the literature as -ha°c, a crystal-liguid mixture exists«
at -60°C and propylene earbonate solutions of AlClg. LiCl do nom '

-
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freeze at dry ice temperatures. Flectrolyte decompasiticn studies
were conducted with propylene carbonate solutions of AlCls ané Al'Cls.
Li€l as solutes. On the anodic side a linear relationship between
) ~ polarization and cyrrent density was found to exist oul to about 30 ma.
I On the cathodic side in the AlClg.LiCl electrolyte there is a shar'p
v rise in current at 1.5 v. With L”ld nd platiram electrodes there
| is a linear relationship with 10 ma indicated after a pol arlzata.on of
_ - 10 v. Some experiments were pexformed in LiCl0, elex,trolytek.. gimilar

RS {0 those used in the present 1nve°t1gat10n. ..>11ve1: éltq are. rendered
R ‘ 1nso;.ub1e by LiC10;. When AlCly is added to the :so uta.on AgCl is . '
formed. Sosne work was done with mixed ol Lectrol yte' “é.g., propylene
ceiri:dnate and butyrolactone, with tha 6l jeor ‘r:,_n' *m-vﬂ'w ‘ng the adherenc‘, - .—:.-'

of Ll on deposition. This we<d not sceeesufals S e
) . Bauma:n (6) nepor‘bed on electrolytic propertias of Na Te ‘-51111:*6113

in prop5 lene carbona‘be and bnty’rcﬂ acione in eommection with toe Levelop- .-' 2
' ment of &, i -CuFp ba'b‘bery system. Saturated solutions 1p DI 2 -Ne L -
' carbonate (0. 86 mole/litez) r - in butyrola ctone (L.14 aoles/ii. r)

were used. The conduethltj;e.L, uf these oolu_;ians at 2590 were .3 x ;

' "3 ana 13. k% 10 3 ohm * c 1"espec‘l;:’u.v'ely. There was 1o + Cave din
. the a.nfrarnd spectra of elther 90"1-1;10:1 ‘after stoung for + v - :°'ys at
165°F énd the solutions did not reae?. with 1itLivm. Tan -+ -ization
of the 1ithium anode was measured (V\-*r’s TS wi*f'r'= peenge).

Anodie pola.rlzations of ebout 70 mv and .LRD mv in prop, .che carbonate™ T -
AR ‘-{and"’butmlactone, sespactively, were measured at 1 n.t.mmz - —
T Ghil‘ton et. al. {(7) eontlnued the work on the Li-4gCl system to the
develcpmﬂnt Qtage mainly workmg with an electrolyte 0.63 M AlClg LiCl |

in p;ropyl ene- carbonate. It was' observéd that additions of ethyl ether:
) e.n@ 'Belue:c;e inerea&ed eonduc‘oivity, e.g., the conductivity of a 0. 65 }i

:ﬂaza.mm sclution ves incyeased fiom 6.x 107 40 10.0.x.10° 2 ot
__the ;aﬁ&ition of e‘thyl e'bher.; In this ‘study the *everslbility
:' of Iii end” Agcl eleetrodes was g3 died at length. In this eonneetmn
' *;aplu]aility of Agcl 4in pronylene \.arbonate wes determ:med to be '

fi;

' s Haw aft élutions ‘of :&norganic salts di.,.solved in nmpylene carbomt
S . . an ....v-nalactone. . I‘t is quite apnarent that‘ in the eax:y work infpure
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solutions or solutions containing a fairly high water content were

measured. For example, currents of over 100 uicroamp. were ‘observed
at applied voltages of 3.0 v for propylene carbonatz and 2.5 v. for
butyrolactone. Later work wherein solvents of higher impurity were : _ ,
uséd gave results in general agreement with those réported in Seetion - L
TII below. For'exampie, a soiut-ion‘of 1.k M LiCl0,4 in butyrolac,tor,e
_ required a voltage ‘of 5.2 v to yield 0.1 ma/em®; a solution of 1.5 L
) M 1iCl04 in propylene carbonate in €O atmosphere a value '>f 5.‘_ - “
. ' 4 v (9); a solution of Ala(SO4) in-butyrolactone (a*r-pon atmnénhév-e*)
" a value'o‘f 6.10 v. (anode, 2.20, cathndo 5.9C). !
.To{ﬂle (10) measuréd the solubi lities .u'\d corduetivities of Kl‘““"..h
e and Na 4 so.xutlens 3‘.11 rropy.i.ene carbonu (RETSY Fv"ll"t...t“lué‘d e,o.l.ut_oﬂ of
_ e KPFe, appromately 1 L{, exhlblted a’ maximum oondu-ruva ty- 01 7 :5 X
SR © 1072 ohm T cm ,l-,~a saturated ‘solution of NuBF,, 1.77 x 1072 ;«n T
G 3‘,'. In thls .n.ﬂves‘bigatlon solutlons in N—ne!.bv.l. forme.mde, nropylon?"_
J } carbonntﬁ, dimethylfoma:nlde, and ’c.etr'nr-e hyl urca we:s‘ algd wve»hg e.:I.
' . | Fitictt, Hsu, and Tcwle (11) report cn the gpeci flc (Onauc:,unc("‘ oi"
L )1utions < a, nnmber of salts 1n dlm""'ILV.L['OT"IIEY'Hdr', propy-am-' caruvons 2.,
end benzoni"l'rlle compared with ”'Hg@ "lh«-\ golvent (rather thau:the sa.lj_h)_;:_,‘.
determlnes the level of conduc‘tiva.ty. Usually lne salis arrang'ed L ‘;
 themsel. ves in the seme ordeér in the threo (aprotic) solverts. Iom - )
gize is import an‘h, compound’e vn,th larger lons heving higher 8ol ﬁul‘] W
The abili*x £ the lons to form’ camplexes was emphoaizned. On :the . . b
. basis of meas*uring, solubllitiﬁs a:nd ‘conductences in a vest rumber: oi,
lj -',--—‘—' — soluffons, Elliott, ‘.{‘owle, and- Hsu (12) formituted some g-,enera.-.,' rules
regardlng these propez'tles in nop-agueous solven te. They curreJ.ated emg-q
ductance w:Lt‘h v:tscosaty and the teuderev of ions ‘to undergo Jpecii .L i
interaction (eoordina‘h* on) effcc"bs ar.a non-speca.ﬂc J.ntev-actio:z (1
d:lpolé) *hype of bcmding. SRk : SR

~

*bhough'b ﬂue 'hv 'hhe ac’oicm af BFa on uhe solvent were obser'.fe.l.
expertmts dealt with the anodia de;.omposi tion ofsa solu’(.ion n




n LiCl04. For curronits heiween C.004 4o 213 mA m © “he “oliuwing

1=te

equation held:
. E=+ 2.5 (vs Ag) + 0.3= log I {mA om %)
In these studies ihe nature of the impurities In the sclven® was

- observed 1o be cf ccnsidersble Impcriance zné ran cnrcmatorraphic

syt

techniques were usedé in enalyzing or imn ritles thet wovld sffect
.elzetrode activity. The efticiencies of cuthofie discharges of CaFp
ané 4gCl in provylene carbonate, dimethylilformemice, »utyrclavtone,
and acetonitrile were studied. Propylenc carbonate was the least
satisfaclory beca.se cf lower efficiency.
= . 1ysll et. al= (15) worked witk solulicns of aluminum chloride
in propylene carbonate in comnecticn with the development of a secondary
battery using lithium anodes and nickel halide cathodes. They noted
the instability o aluminum chloride soliuiions reported by cthers. i.e.
" alumimum chloride dissolution was very exothermic and the solution
_ Jarkened with stending. Thov observed that the darkening coulé be
-. - partially eliminated by a procedure invoiving saurating the solution
5 with chlorine after the aluminum chloride was dissclved, reacting excess
- : ’ . chlorine with lithium met-1, and finally saturéting the scluvion with
1ithium chloride.
.Eiseﬁberg revorted in 1964 /1&) on an investigation with propylene
carbonate, butyrolacione, and valerolactcne ucing LiCl.A1C15 solutes.
in discussing properties of desirable solvents he mentions stability
from snodic and cathodic action as a requirement but does not give
any decomposition measurements. _
. Farrar, et., al. (17) studied solutions of electrolytes in propylene
- carbonate {as well-as acetonitrile and dimethyl sulforide) with the
) >cbjective of developing a primary cell. They conclude that salts _
e —T = — gissolve in these organic solvents to produce two iarge ioms, for :
T example, AlCly exivts as AlCL' and C1 and Mg(Cl0,) -as MgClO, and
« i " €104 . Various inorganic cathode materials such as ZgCL CuFz, and
- s ~ AgCl were invesﬁigated in an elgctrolyte, 0.5 M LiBr in propylene
' : s carbonste. Severe nolarization wes observed (18).
e Earlier this year Knapp reviewed (19) the status of %the problem
-: ' and Teported on én experimental rtudy comparing oropylene carbonake
- . €
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Witk cimeihyl sulfexide end zesioniirile oz nn slectrclytie clivent.
A mimber of sclutes and cathodz materiale were invesiigatad, he
orinion thai orgenic systeme offered pos:iniliitiers ao pravi ozl rrlmer:s

cells was reinforeed.

In this foregoing survey the aitempt nas Leen mnde to axtract

lectrelytic colulions of the
cyclic esters propyiene carbonate, butyrol--tone, and valerclactone
were sought. It would not be rossible v ibin reassonuble speee to
even summarize the extensive measvrements made by some Laboratories

on humdreds of ele-irolybic soluticns.
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III  RANGE OF ELECTKOLYSIS OF CYCLIS ESTERS

A. Exmerimental

The selzetion of zolvents witin desiesbl- physicadl asne chemieal
properties wor discussed in the first re:nrt (U0 snc it wer cecidnc
to devote our attention to acatonitrile, a - piroliue, dimethyl-
formemide, propylene carbonate, y - butyrvoiactone, and y - vilere-
lectone. In this period the latter threc, the cyeliec esters, were
investigated. The purifiecation of y-butyrolacivne i. -~ been discussed
(1). In the work below redistilled sampl.s were usecwith bhe eczeeptbion
of certain experiments in which commerciel mat-rial were used for rearcn:
mentioned. .

Propylene carbonate was from Matheson, (lemsn, anc Rell {No.
7615 - PX 1705 b.p. 108-110°C at 10 mm) uné wes fraciicnated under

reduced prescure as follows:

Cut Temperature Pressure Refreciive
No. % mm Hg index, 20°C
R 69 0.9 1. b2
2 ) 69 0.9 - 1.0 1.h220
3 {residue} ! 1.422)4
Reported (Reference 20) ' 1.5209

‘The second cut was used.in the experiments below.

The y - valerolactone wes Eastman P 6123, and was fructioneted

under reduced pressure as follows:

Cut Temperature Pressure Refraclive
No. % mn Hg. invex, _
R 3§.75 - 1;3;0 0.kys . 2370 1.435%

2 - b3.25 - 49,0 0.5 - 1.30 1.4315
Reported (Reference 21) 14301

The apparaius and procedures.were generally similar to thoae
described in the first report (1) with the following excentions.
A new electrolysis cell schematically depicted-in figure 1 was constructed.

In this cell the electrolytﬁq'solution was exposed cnly to glass and

Teflon. The ground glass' joints were separatea by Teflon sleeves.
The volume of the electrolytir solution wus uruslly 100 ml. Measurement:

were made at_25°c. The potential wesn onr aamelly and the cureent weo
. . A . )
- - M



: Figwre 1 ELECTROLYSIS
- \ CELL

Eiectrode iead
(Copper)

A B - Tellcn sheath

» ~ Standard taper

/ /l joint, 14/35

w
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~
(&}
)

Filling tube

~
-
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i

Silver wire
reforence elechrode

F - Ckeck valive

G - Standard taper
joint, 10/30

H H - Gas Giffuser
tube

I - Standard taper
joint, 55/5G

d -~ Electrode lead
{(rlatinum)

X - Electrode -
(platinum)

L - 3eparator {glass
fiber paper)
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read after a wait of L minutes to coproximate z steacy-ctatc weas »oment.
In several cases meesuremente were made at a given putential Ly envroa-h-
. ing from a high-r potential as well as from a lower potentlal. Drying
procedures were varied from the procedures outlined rreviocunly. The
. : salts were dried in a desiccator over Po0;. This wneint is dineussed
' more fully below.

B. Results and Discussion

Electrclysis ¢f Butyrolactone Sclutions

The behavior of butyrolactome solutions of lithium _nerchlorate*

on electrolysis is shown in figures 2 and 3. In figure 2 both curves

A and B were obtained with 0.675 M solutions of LiClO4. Curve A wes

obtained by making the working electrode first the ancde *hen the

ca;c,hode; curve B by the reverse proced re, that ic, by making the

electrode the cathode first and -then the anode. These sclutions were .

clear and colorless after electrolysis, with no :vidence of colored

decomposition pi‘oducts. The potentials at the arvitrary Correr

density of 0.1 ma/em® were for A, anodic 2.36 v., ~athodic 3.38 v.,

. . for curve B, anodic 2.67 v. , cathodic 3.38 v. indicating total ranges of

v ' 5.7k v. end 6.05 v., respectively. Figure 3 shows a similar curve (A)
for a 0.262 M solution with an anodic valie of 2.38, cathodic o 3.95
and a range of 6.03. Curve B was obtained with the sume colution %hich
had been allowed tc stand for 100 hours over type LA molecular nieves
and will be discussed below. OUn the anodic side there is what appears
" %o be a diffusion iimiting current caused by same impurity. This is -
evident when polarizing in the forward direction {tfrom lower to higher
anodic potentials) but is missing when polarizing from the higher (anodin)-
potentials. In both solutions there is a peak current at '.h.to 1.6 v. -
on the cathodic gide. The interpretation of this is uncertain bui the
_best: estimate is that it represents traces of Hz0. A solution 0.092 M °
in LiC10, gave a similar behavior (not shown) on electroiysis. There

': T - ) was no trend observed with concentration of. the solute. .
' Some messurements with KPFg solutions in butyrclactone were given
e T in the first repor~ (1). Further measurements are given in figures b . N

oA l : . end 5. Curve A in figure 4 was obtained with 1.0 M scln of KPFg in .
- ‘redistilleé"butyroi.actone. Curve B was the came solution allowed to -

“*Anhydrovs 1ithiv. verchlorete from Foote Mincral Co. _ -

. ‘ 10
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stand in the cell for 24 hours with the ohjlective % ullowiz the
reference elenirode to come 4o cquilibriw. with the sciution. Anciic
potentials of 2.00 and 2.00 v., cathodic potentials of 1.90 and 2.0L v
for curves A and B respectively are cbserved. Tho ranges are 5.90

‘and-kL.01 v. with sherp rises on botl. the srodie =nd cathodic gide. In

figure 5 is given a plot (curve A) for a zoln 1.0 M in KPFg with

anodic, cathodic, and range values of 2.0, 1.82, and 5.82 v., recpeotlively
This solution had been dried over type 3A molecular sicves for 12 days
so that the oxidizable impurity observed at 1.2 - 1.8 v. on the anoudic
gide should not be Hs0. Curve B is a similar measurement wherein the
solution was prepared in commercial butyrclactone rather than distilled.

Tuere is ‘a ghift of the electrolysis range in the negative direction.

. Pobential wvalues of anodie, 2.5, cathcdic 1.29 and range of 3.79 were
recorded.

- > > *. -
Solutions of morpholinium hexsfiuorcphosphate in nonagueous aolvents
are of interest because of the h:Lgh conduetivity of sclutions formed '

with this salt (10-12). The formula

0 /CH2 CHa\NH;-PFe‘
\GH2—~ CHS
indicates acidic hydrogen. This ic eviderced in figure 6 in which
measurements are made in 0.5 M morpholiniwn hexzflucrophosihate solutions

prepared inh doubly distilled butyroiactone (eurve A) and ccmmercial grade:

_ (curve b) are given. For curve A an enodic elecirclysie polential of
2.33 v., a cathodic of 0.45 v., and a range of 2.78 v., are compared
" with curve B, with anodic potential of 2.G0 v., catkedic of 0.30 v.,

and range of 2.90v. )

F‘iéur-é'Tgives a family of electrolysis curves for 0.5 M soluticus
Qf morphol:m:.mn hexafluorophosphate in commercinl butyrol aetone. Curve A
represents the solution without any drying igen®, curve B was developed-
by measurements mude on-a sclotion to which Linde molecular sieve type

. 3A (K; Na, zeclite) was added, curve C to waich type 4A (Na Zeolite;.

wes added and curve D to which type 5A (Ca, Na zeotite) wes added. The
pH's of these solutions were 5, 6, €, and & respactivaly indicat._i_pg

. that the .zeolites functioned s newtrali iny as well ss drying arents.

.

Mor'pho dum hrxaf‘_x.oropho phete abtained fram Ozery Mahoning

a_nd i“ zbous 98.2% pure pacog o rlvordin. anslysiz,
1

. . Y
- . - emrdll e Lo
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The significant recult was that the molecular =isves intrced.ced Inic
the solution sumz impurity that gave an appro~i~bie :cirrent on the
anodic side of the elechrolysis curve. Similar resulis are seen in
figure 8 wherein the solvent was commerczial zcatonitriie. The legend
with regard to the drying agent is the same. In botkz cases melecular
sieves of the 3A and 4A iype contritmted to (éiffusion iimiting)
currents on the sncdic side.

Eleetrolysis in Prooylune carbonate sciuticns

The electrolysis of a 0.455 M lithium perchloraie scluticn in
Propylene carbonate used direcily after distiliation is shown in
figure 9. Curve A was from points ccllected cver a pericd 2 - k
hours after filling the cell curve B 24 hours later. Tne shift is
considered to be due to the equilibrating of the silver reference
electrode with the solution. This shift in referenc. potential can be

quite-serious. For example, the electrolysis of a C.637 M solution

of 1lithium perchlorate in propylene carbonate gave an anodic potential

" &t 0.1 mafen® of 2.92, cathodic of 2.20, range of 5.1Z v. when run
.. avout 15 minutes after £illing the cell. A second mm gave values of

»é.SO, 2.68, and range 5.18 v. when mede immediately following. The

-~ total range of electrolysis was about the same but the potentials at

which ute current density of 0.1 ma/cm?® was measured was drastically
altered by the "aging".
' Electroiysis in v - Valerolactone Sol.tions

Measurements made with lithium percl.iorate solutions in y -

" valerolactone are showr in figure 10. Jurve A was developed with a
© 0.305 M solution of LiCl0 in Fastman practical-grade valerolactome

with sufficient impurity content to produce a very misleading result

. régarding the range of-electrolysis in this solvent. On the anodic side

the current rises juite rapidly yielding & potentia’? value of 0.75 v.
This value, with u cathodic potential of 3.95 gives a .range of 4.70 v.

_ ?ux_'ifica'bion of chis solvent shows that the enodic rise is due to an
"oxidizable ié:pard_.ty- Curve B was developed with a 0.202 M solution
‘prepared i hewly distilled valerolactone. The oxidizeble impurity -

at-1.3 v. is nch recorded when. the polar* zatmn vath is reversec.

. Curve C refers to measurementb made in the *_mr— solution which had been

allowec ‘t.o stand overnight in a closed ccil in a dry ‘52 atmosphere.
| 18
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Two thingr are cbgeryod. Too 2.0t b opree b o o8 e T el
a grewter concenirat..on hased o The Climilog) currens, ant ©oeceu
¢ . the shift in refercnes prieniizl cberrvee zieve. In Lhis lniter oxi-ri-
ment ep anodic potential of 2.7y v._. aoertteaie o R aae s opnnye- of
* > 6.70 v. ig obsexved. The bebuvicr, fo tle dugr- - S O - anocie

- - side, appears t¢ be suecific o valerclacron o an el inetiion boood

3tsl

)

only on water contuminetiva ig :vaeowdben. W

¥

foud

- cverpotential of Ia deposiilics: on vrinpcticbtone, =be., L rpearn Lhat

the span of elecirolysis in varerolsetons fo g .o ter foan tnat of
butyrclactons and propylens 2arbonal .

Y

2t of Water Varor and Dryiny Proceauroc

The presence o1 water in ithe soiveunl bac Lic: efter: o ciortening
the electrolysis range ané int-~cducing indting eevrer. constd bicats
into the solution. Curve A in’“igire 11 un: oifuined with = 1.0 M
soiution of KPFg in butyrolacloas shich bisd been ériec for 12 dey:
over type 3A molecular sieves. Curve B wis oblzined from lhe sanw.
solution to which 0.5% by volwm: v wicbe wore :oded. The holal

range ¢f electrolysis is shortened from .90 0 £.22 voilts. Ii Io

-

intended to do more work on this errect eardicularly in bt-‘uylm tli:
effect of water additions to soluticn. withi a wiae range of elec trolyei.
It has been poix'lted out previou,ly (1) tledt car— mast be taken in
- the! employmerst of drying agent. !A'-;Lydrm::: caleium seirate dlasolves
in .mcst of these solvents Yo &n apycreciable deyree; FPoly veacts
i chemically. Of the adsorbent type of drying ag.ubs ithe "moleculesr
sieves™ are the moct suitable. Husever, i thi:~ slag. they should be
used with reservatione. For extendie poiicds of time it appears that
the molecular sieves will introdyer into ibe solution souium and johassium
) R salts which a_\'re evident on the cathodic cide of lhe cleclruiysis curve.
R ...~ Figure 12, the electrolysir curve from a G.298 N solution of Lithium
’ o perchlorate that was prepared with distilled butyrolectonc-that had been
e i ‘ éil_owed to stand for 3 months over Lype A molecular sieves is tyical
o L h of & number of similar experiments. Fipure 7 illustrates how oxidizable
g ..'_ . \ impurities m;.y-be introduced when solutions were treated with three - &
' _;- - _tffpes of molecdilar. sisves for 1% dnys.” On Lhe sbler hand a 1ithim
. ~ perchlorate solution in bufyru‘iuet- e slanding Cor 100 hours over tyre
- g ~ . bA molecular s:féve:: did not surter wy edverse effest as cen from
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figure 5. F=rthefmcre, in this cace the pousitilivly existid of cxchuni-
of Li ions with K or Na on the colid aduorbent.. Thi.: wncis ures need.
better defin tion. However, at this time 1% can te .tuted that tiem
use of molecular sieves in contaci with ithese nolvenl: cculd well
introduce comslicating factor.:.

Effect of Chloride Ioun

The effeet of chloride

}

e

on

the electrolytic behavior of a number of chloride solutions. Unfortunately.

these solutions are among those that would find employment in practical
cells. Curve A in figure 13 was obtained with a 0.48 M solution of
anhydrous aiuminum chloride in y - butyrolactone. In the preparation
of the solution the exothermic effect and the solution darkening,
reported by others, was observed. Cuxve B is a saturated solution of
1iCl in the same solvent. The anode potential of 1.28 - 1.45 v, was
+0 be- expected but the cathodic behavior is difricult to explain unless
a reaction with the solvent made hydrogen ions available.

' P

Reference electrodes '

In this work a silver wire situated about lmm rrom the working
electrode served as a reference' electrode. This follows the thinking
of Koch (22) who found that concentration cells based on Ag/AgNOs
in acetonitrile followed the Nernst equation and of other investigators

* who employed this type of electrode in organic systems. Where the

solute is constituted from halide salts the corresponding silver halide
electrode can be used. However,, the halide ion may have an adverse

effect on the working electrode as discussed above. The AgCl electrode

wes used in the 1ithium perchlorate (0.319 M) solution in butyrolactone
(see figure 14) and appears to be reasonably stabie. Curve B was run
4 hours after curve As It is interesting to note that in both cases

L polarizing from the high potential direction following polarizin~ upward

indicates that the oxidizable impurity wes removed by electrolysis.

An epproximation at this time would be that the AgCl electrode was

about 0.3 v. less positive than that of Ag. More work whould be done

in this reference electrode area particularly to eliminate-situatioms

of linstabiii‘ty over. long periods of time.

C. Conclusions and Direction of Future Effort .
From the data preseﬁtedabove it is evident that the range of - -

electrolysis, that is, .thgz veltbapre range over y:hich an ¢ cutrolysis
. 25 . .
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can be conducted without sersible Faradaic current contribution frem

the supporting electrolyte system, is a function of the solvent and

the solute. Up till now we have worked with rather stable solve.*s
so that most effects can be explained in terms of the dissolved salts.
Altnough the danger of genmeralizing and talking in terms of averages
is well recognized it is still of interest io attempt to draw some
broad 'c'onclusions at this point.

First the ranges of electrolysis of the solvents, mostly based

on L10104 soiutions and averaging a number of measuren.ats are as

follows: - . o
_Butyrolactone o '5."{8 v,
Propylene carbomate = ,"""""' Ry S,
7 Valerolactone _ '6.82 v.

The sighificance of- these figures, i.e. whethé::r; valerolactone

is ac tually 1 v, hlgher than the- others w111 have to be confirmed by
. future -work. - >

Tuzmng now to the anodic potential 11m:1t as establlshed ty .

spec:Lflc anion:: the following figures mey be tentatlvely ascigned.

020" o= 2.80 v. - . ‘ ..
PFg~ = 2.4 v, )
1 A = 1.4 v, )
BF,"~ o= 2.51 v. ’

The value for the BF,” ion is based on very few data. The cathodic -~

‘potential limitf; es established by cations is as follows:

w1t = 3.0k v, ' : - )
e B . ;

K ) = 1-65 Ve _,

Na* = 1-% Ve

* ) .

(vHa) N o= - 0.92 v

= Al’“’H ) i = 0 21 V.'-

“Mevpholintun = "0.40 v.

R Ca.'bhode process not known. _
.. With regard to the direc‘bion of future effort it would be very

uesirab..e 'bo uomplete this phase of the project by making measuremonts -
with reerystallized semples of KPFs, LiFFe, and KC104." These meziure- .

men‘bs ‘sorrelated mtn what hes been done wil.; allow solvnnt limits to~
g - ¢ - . oo
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be established. It is intended to clarify the reference electrode
situation from the viewpoint of checking adherence of the Ag/Ag+
< electrode to the Nernst relatiunship in thc electrolytes of interest.
Whereas, the influence of water is roughly known, it will be essential
t to know the relationship quite accurately. On a longer term basis an
undersitanding of the halide ion effc. and how it affects the cathede

activity will be considered.
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IV. CHEMICAL STABILITY OF CYCLIC ESTERS

€
A. General
¢ The objective of this phase of the program is ic clarify some

=

of those chemical prcperties and reactions th=1 wculdé be of significance
when the cyclic esters are nsed as electrochemical sclvanic. Twe
obvious arcas of concern ar: reactions with certain metalc, nemely,
ii, Ya, K, C2 and Mg and with the halogens. It is cxpected that anodes
for many galvailié s power-producing cells will be drawn frdm the five

i métals 1listed here. Also, when sn electrolyte, such as a KPFg solutium,

“1is emp]oyed in the galvanic cell the possibility exicts o K being

- “deposd:ed. Tt is to this phase of the problem that sttention was

: * devotcd during this period.

—*” : __ _ Some general camments can be made on the stability of the eyelic

A . esters. Tt is ¥known that a y - hydroxy acid losés:water between the

carbuxyl gToup and hydroxyl grouip in the same mclecule to form ihe

", eyelic ester or {hner ester called the lzctone. Structurally, the

_cyclic esters,- like normal esters, are. intermediate between ethers

- .- and anhydrides.- The reaction of the 'y hydroxy acid to form the.

- . lactone is qud;e opontaneou.; in aquerme solution. %he vy - lactone

is partially comverted to the acid when boiled with water.. The

alkall hydroxides and barium hydroxides rapidly convert them to sult.

- = of the aclds. C -

WM R .+ CHp - €O+ NaOH -» GHp I COONe

. | ,0 { - :

EIE . CHp - CHp CHp - CH;. - OH

Amnenia ~_cﬁamrez*!;s tne lactones irto the. amides of the corresronding
acid. v - ' '

] . Butyroxaetone is stable at pH T, but in alkaline sclution

. ) lwdrolysm is quite rapid. This is reversible when the pH is restored E
to 7. 4 typiea}. analysis (23) for commercial btutyrolactone gives only

T 0.1% _of v - hyd_rpzy’qutyric ecid. Halogen acids open the lactone ring,
'gma-;éhl:dmb‘ztyﬁ" >acir‘ i:e"-ng obtained with aqueonc HCl. Alcohels
"reav % in the presence of sulf.‘unc acld to:yield the ester. In the

Qrésez;ce-'of r_neta;. Lic sodium und g trace of bq(uum e hwlate, butymlac ton-

"~ wndergoss an.aldol condensation. Sodiwr dizulfide reacts to pive the

s " . ;
.3 Sadatvnt Liec Tty kS PTACLILNG, WD D BT e £ B e T e i Y K w‘-_‘;".:- g .M-bmx.



Gisodium salt of dithiodibutyric acid. Cklorine rezets with y -
butyrolactone et 140°C to give alpha-chlercbutyrolactone.
7 0‘-

G ¢ = O

CHp ————C’HCI'.
Benzene, butyrolactone, and aluminum chloride give gemma-phenylbutyric
acid (Friedel-Craf'ts type of condensation). Boron trifluoride forms
double compounds with butyrciactone. Catalyiic oxidation of butyro-
lactone yields suceinic and meleic enhydrices.

Propylene carbonate (20) is a very good solvent for e number of
resins. It reacts readily with emmonia and primary and seéondary
alivhatic amines to give 1 - methyl -~ 2 - hydroxyethyl carbamate an&
derivatives. It is completely miscible with ethylene carbonate, a
104 mixture freezes at -53°C. )

Propylene carbonate reacts wIth many compounds containing an
active hydrogen to give the correopondlng hydrompronyl derivsative,

e.g. with phenol at 140-200°C or stearic acid at 17 0-200 (0.5% potassium-

" carbonate catalyst in both cases).

The rate- of hydrolysis apparently is the same order of magni tude
ag the lactones. Propylene 4carbona‘i‘.e, however, hydrolyzes with
potassiumm carbonate. Traces of acid or base, as well as heat, tend
to decompose the compound. Propylene oxide, propionaldehyde, allyl .
eleohol, and COp are decamposition products. It is-hydrolyzed -
rapidly in alkaline end slowly in acid solutions at 100°C- :

B. _Experimental ’ ' ST

The reactivity of Li, K, Na, Ca, and Mg, was studied et 100°C . . *
in butyrolactone and propylene carbonate. The solvents were fractionated ’

under reduced pressure and a middle cut was used for the’ experiment.
The metals were obfained from the Fisher Scien*ific Co., as follows:
sodium No. 206; potassium P-168; 1ithiwm L-111; calcium c-h2;
meghesium M-11. Weighed quantities of the sclvent (about 50 g.) and
the metal (usually 0.5 - 1.0 g) were held under reflux at 100%; .
the threc-neck flask holding the reaction mixture being held ina -
constant témperature oil bath Nitrogen gas dried over T05 was
flowed over the reaction mixture at a rate of nbo..t 2 -30 m/mn,

- ) - --“
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the top of the condenser being ccnnected ito 2 drying tude. Fellowing
the 100 ~hr reacticn time the meizls were res.-eigﬁed ané the scl_ac

¢ . and solutions were examined by chemicel methoes, infrasred, ané ges
chromatograptic technigues to learn the =xteni, 7 reaztion and ihe

¢ ' nature of the reaction wmroducts.

. . . C. Results and Discussion

The weight changes undergone by the different metals are summarized
- ) . in Tables I through IIT.
N LT Table I

Flask- Metel Solvent. Weight o metal g.}

g}
No. {solié) Initizl Final
1

13 Butyrolscione C.573 C.483
Ne " C.850 2k .8k
X oo 063 9.337
e LA 0.741 . 0.691
o _
Ca

v

“u

. " 0.686 C.684
6 = ST : o Prorylene earbonszte 1.007 . __1.16_0

<

oWV oW

a ) ] ) . Table II .
.« Flask Mdtal Solveri | Weight of metal (g.)}
: No. - ) : (solid) Initial Final
L r -None -° Butyrolactone = =~ —-eemmme ——
- \ | *. None Propylene carbonate  ——m—m-——m R
L .3 T - B . 1.33L ' | 2.320
T R Mg o 2.390 2.0
ne 5. © K _ " 1,382 ©2.359
' 6 e . om 1.207 T 1353
: i _*Q&ntrdls for reactivity of solvent in absence of metal

o o T Table I S

© . . Flask . Metal ~ Solvent ' - " Weight of metal. (g.)
Moo L - BeHd ‘Final
VI _ ' N)a“ . Butyrolactone - . 0.TT8 S 151
gl v Wt C ook 5
3 LS e oys Gaeey
BLI neo 0.76h _ ° w2865,

.. -
- ey woLL e NN (. 4,983 )
- . - e W 7 . - -
5 . o "
~ 1, 3
, . 3 - ’

. = T . . "
—— sihcoliont i asasant - g e - ke, e~ oakleST a3 SN 5 e e i e L AT
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The third run was made to get sufficient product fur znelysis.

¥rom these runs and the chemical and physical analysis of
the solid‘products it is possible to draw renersl conclusions with
regard to the reactivity of the Tive metals with the two cyclic esters.

Sodium and potassium definitely react with butyrolactone undexr
the experimentel conditions (100°C C, and dry Np atmosphere}. Li, Ca,
and Mg are unreactive. Analysis of solid reaction products by infrared
give indications of being salis of the carboxylic acid. The water
solutions of these salts have pH's in the 7~-8 range. In the reaction
" of Na with butyrolactone the metal appears to be directly responsible
for gas evolution: The products obtained by reaction between Na and
K and butyrolacione give positive unsatiration and ester tests but
negative alcohol and carbonyl tests. Gas chromatographic study of
the proaucts of reaction between Na and butyrol actone in solution
" indicate the presence of at least 3 campounds, all lower boiling than
the solvent. The gas chromatogrems are ccmpared ir figure 15. The -
approximate proportion of these three compounds in a 50-pl sample
are 0.05, 0.19, and 0.2k pl or in the range of 2bcut 0.4%.

~ Sodium, potassium, and ¢alcium show visible signs of Teaction
with propylene carbonste whereas Li, and Mg are unreactive.

‘D. Conclugions and Direction of Future Effcri -

A ’t.entgtive generalizatiop at this time would class K, Na, and .
Ca, botlt the metals and, for reasons stated above, their salts, as

adversely affecting butyroiaetone and propylene carbcnate when the R ) i_
latter solvents are used as.electrochemical solvents. - ) a
Tt is planned to continue this work to identify, at least in L

terms of functional groups, the nature of the reactlon prodncts 1n the ’ »l‘ <
solid state (in combination with the metal) and in the solution. It ie i

algo intended to study the réaction of these 5 metale in the presence , T
-of an electrolyt:.c solute such as'Iithium perchlorate because ‘the ' .
extent of this reaction will be a cmtical point in battery technology
as pomted out by ng (214) -
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